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Spin-flip Raman scattering in n-type diluted magnetic semiconductors
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We report the results of a spin-flip Raman scattering study of electrons bound to shallow donors
in the diluted magnetic semiconductors Cdl, Mn Te and Cd& Mn Se for x &0.30 and in

Cd& „Mn S for x =0.022 and 0.125. Spin-flip Raman scattering is observed at temperatures rang-

ing from 1.8 K to as high as 160 K and at magnetic fields &60 kG. The measured spin-flip ener-

gies are large and, for some samples, correspond to g values in excess of 100 at low temperatures.
The enhancement of the Raman shifts results from the exchange coupling of the donor electron with

the Mn + ions. The parameters of the mean-field approximation, used to describe the magnetic
field and temperature dependence of g are shown to exhibit a temperature dependence for tempera-
tures above 20 K. Finite Raman shifts are observed in the absence of a magnetic field and are attri-
buted to the bound magnetic polaron and thermal fluctuations of the local magnetization. The tem-

perature and magnetic field dependences of the spin-flip energies, Raman intensities, and polariza-
tions were compared with the results of the statistical-mechanical model of Dietl and SpaIek [Phys.
Rev. 8 28, 1548 {1983)].The theory is in good agreement with the experimental results for x (0.15.

I. INTRODUCTION

Since the first observations of electron spin-flip Raman
scattering in the narrow-band-gap semiconductor InSb by
Slusher, Patel, and Fleury, ' followed by that in the wide-
band-gap semiconductor CdS by Thomas and Hopfield,
there has been a continuing interest in this magneto-
optical phenomenon. An importan. t contribution to this
field is the first demonstration of the spin-flip Raman
laser by Patel and Shaw. The success of the InSb spin-
flip Raman laser as a practical source of magnetic-field-
tuned, coherent radiation in the (5—15) pm spectral re-
gion ' can be traced to the large effective g factor of the
electron, g*

~

=50. In contrast, the wider-band-gap II-
VI compound semiconductors CdS, CdSe, and CdTe have
rather small spin splittings ' characterized by

~

g*
~

(2,
since their conduction- and valence-band spin-orbit in-
teractions are small in comparison to their energy-band
gaps.

The substitution of the magnetic ion Mn + for the
cation in a II-VI compound semiconductor results in a
class of alloys —the diluted magnetic semiconductors
(DMS s)—which exhibits novel semiconducting and mag-
netic properties. The strong exchange coupling between
the 3d electrons of Mn + and the band electrons under-
lies a variety of magneto-optical phenomena observed in
DMS's. For example, the free exciton in Cd& Mn Te,
the prototype for wide-band-gap DMS's, undergoes a
large splitting in a moderate magnetic field and results in
the observed giant Faraday rotation; these effects can be
characterized by an effective g factor for the band elec-
trons, 2 orders of magnitude larger than that for CdTe.

When detectable, spin-flip Raman scattering provides a
practical means of probing the electronic structure of
semiconductors, as dramatically illustrated in DMS's.
The large Raman shifts associated with spin-flip scatter-
ing from electrons in DMS's were first observed in the

narrow-band-gap Hg& ~Mn~ Te by Geyer and Fan. ' The
first evidence of a finite spin splitting of the electronic
level in the absence of a magnetic field was reported by
Nawrocki et al. " in the wide-band-gap diluted magnetic
semiconductor Cd& Mn Se. The effects of Mn concen-
tration and the antiferromagnetic coupling among the
Mn + ions on the spin-flip Raman shifts were first ob-
served' in a study of Cd& XMn„Te. These studies estab-
lished the nature of Raman scattering associated with the
spin-flip transitions of electrons bound to donors in
DMS's. The large Raman shifts depend not only on the
applied magnetic field, but also on temperature and man-
ganese concentration. The far-infrared absorption spec-
tra' of Cd

&
Mn Se also provided evidence of these

spin-flip transitions. Following these initial reports, there
have been several investigations' ' of spin-flip Raman
scattering in DMS s for isolated compositions or over lim-
ited temperature ranges. The results presented in this pa-
per represent a detailed study of spin-flip Raman scatter-
ing in intentionally doped Cd& Mn Te for compositions
in the range 0.01 (x (0.30. These alloys were investigat-
ed for magnetic fields up to 60 kG and temperatures rang-
ing from 1.8 to 40 K. The corresponding study of
Cdl „Mn~Se for compositions 0.01(x (0.30 and tem-
peratures 1.8 K (T( 160 K yields a much more complete
set of results than previously reported. In addition, two
compositions of Cd& ~Mn S, x=0.02 and 0.10, were
studied as illustrative examples, allowing a comparison of
these three systems of alloys. The extensive results ob-
tained in the present study allow a detailed comparison
with the theory of Dietl and Sperek.

II. EXPERIMENT

A. Sample growth and preparation

Cd& Mn Te crystals can be grown for Mn concentra-
tions of x (0.75 and have the cubic zinc-blende struc-
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ture. Cd& „Mn„Seand Cd& ~Mn~S have the hexagonal
wurtzite structure, and can be grown with x (0.50 and
x &0.45, respectively. The crystals used in our investi-
gation were grown by the Bridgman method with the
nominal x values given in Table I. These values agree for
the most part with the actual concentrations which were
determined by electron-probe microanaiysis. The most
significant discrepancies between the nominal and mea-
sured values of x occurred for the Cd& „Mn„Te:Ga,
x=0.20, Cd& Mn Se:In, x=0.20, and Cd& Mn S,
x=0.10, samples. In this paper, for convenience, the
samples will usually be referred to by their nominal values
of x. The energy gaps of diluted magnetic semiconduc-
tors vary with x. For Cd& Mn„Te, E~ =1.595+ 1.592x
eV at liquid-helium temperatures, while the energy gap
for the 3 exciton in Cd~ Mn Se follows
E&

——1.82+ 1.50x eV.
The magnetic phase transitions of Cd& „Mn„Te,

Cd& Mn Se, and Cd& Mn S have been studied in de-
tail. All three alloy types are paramagnetic for high
temperatures and exhibit a paramagnetic to spin-glass
phase transition at lower temperatures. The presence of
the spin-glass phase is a consequence of frustration in an
fcc or hcp lattice when the magnetic ions interact antifer-
romagnetically. The onset of lattice frustration occurs
at a "percolation" concentration which depends on the to-
pology of the lattice, not on the specific ions involved.
Since the zinc-blende and wurtzite crystal structures are
essentially identical up to nearest neighbors, the percola-
tion concentration (x-0.17—0.19) is the same for the
three diluted magnetic systems considered here. In addi-
tion to the paramagnetic to spin-glass phase transition,
Cd& Mn Te exhibits a paramagnetic to antiferromagnet-
ic phase transition for x )0.60.

For electron spin-flip Raman scattering studies to be
successful it is necessary to have a sufficient number of
neutral donors at low temperatures. Due to cation vacan-
cies, which behave as doubly charged acceptors, most
Cd& „Mn Te crystals exhibit p-type conductivity. We
note, however, that even without intentional doping, a suf-
ficient number of donors may be accidentally intro-
duced. ' In order to guarantee a sufficient number of
neutral donors for Raman scattering, it is necessary to in-
tentionally dope the crystals by introducing impurities
into the melt. Preliminary attempts at doping
Cdo 97Mno o3Te with In (substituting for Cd) and
Cdp 94Mno O6Te with Cl (substituting for Te) were unsuc-
cessful. Intentional doping of Cd& „Mn Te was achieved
by using Ga as the impurity substituting for the cation.
This method produced a sufficient number of neutral
donors in Cd~ „Mn Te for x &0.10. Presumably due to
an increasing number of vacancies in the Cd-Mn sublat-
tice, this method was not successful for higher manganese
concentrations. Several attempts were made to decrease

'

the number of cation vacancies by annealing; for example,
keeping Cd& Mn Te:Ga, x=0.30, in Cd vapor at 900 C
for five days produced enough neutral donors to allow the
observation of spin-flip Raman signal. Attempts at pro-
ducing n-type Cdo4oMno 6OTe have to date been unsuc-
cessful. In contrast to the difficulties encountered in pro-
ducing n-type Cd& Mn Te, "as-grown" Cd& Mn Se

crystals are n type, similar to the well-known behavior
of CdSe. However, as x is increased, it becomes necessary
to intentionally introduce additional donors into
Cd~ ~Mn Se to increase the Raman signal. This may
also be due to an increasing number of Cd-Mn vacancies.
Adding In to the melt for Cd& Mn„Se, x=0.20 and
0.30, increased the density of neutral donors to a level suf-
ficient for Raman scattering. This method did not work
for the highest concentrations, such as x =0.45.

The samples were oriented using the I.aue method and
optically polished according to the following procedure.
The surfaces were ground in succession with 600-, 1200-,
and 3200-grit carborundum powder. The initial polish
was done on nylon cloth using 6-pm diamond paste. The
final polish was done on microcloth saturated with a
suspension of 0.05-pm alumina powder in distilled eater.
This process produced samples whose polished surfaces
are within 2' of the desired orientation.

B. Experimental procedure

The Raman spectra were excited using the 7993-, 7525-,
6764-, 6471-, 5682-, or 5309-A line of a Kr+-ion laser or
the 5145- or 5017-A line of an Ar+-ion laser. Since the
Rarnan feature studied in this investigation exhibits a
strong temperature dependence, it was necessary to adjust
the power of the exciting laser to prevent heating of the
samples due to absorption. This was accomplished by
lowering the power until the Raman shift was no longer
affected. This usually resulted in using laser powers on
the order of 2—5 mW. For the Cd~ Mn„Te:Ga,
x=0.30, sample, it was necessary to use a laser power of
50 mW in order to observe the spin-Aip signal; this may
have resulted in some heating of this sample. The
gallium-doped Cd& Mn„Tesamples exhibited an absorp-
tion edge —1000 cm ' below the expected energy-band
gap. This additional absorption decreased with annealing
and may be attributed to defect levels associated with
vacancy-donor complexes. The laser wavelengths used
to excite the Raman spectra in each sample are listed in
Table I. The scattered light was analyzed using a
computer-controlled double (triple) monochromator and
detected using a standard photon-counting system. As
needed, the triple monochromator was used to reduce
stray light, enabling us to observe weak Raman features to
within 3 cm ' of the exciting laser line.

The samples were inserted in a variable-temperature op-
tical magnetic cryostat equipped with a superconducting
coil, which enabled us to apply external magnetic fields
up to 60 kG. The sample temperature was measured us-
ing a calibrated carbon-glass resistor located on the copper
sample holder, immediately above the sample. A tem-
perature controller provided a stabilized temperature over
the range 1.8—300 K.

As discussed in a subsequent section, the intensity of
the spin-flip Raman line decreases as the Raman shift de-
creases. As a result, the difficulty of observing Raman
features within 5 cm ' of the laser line due to the pres-
ence of parasitic radiation is further aggravated. This
made the observation of the spin-flip signal for small
magnetic fields very difficult in some samples, particular-
ly the Cd& ~Mn Te samples. The peak Raman intensity
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TABLE I. Sample characteristics and experimental parameters.

DMS system

Cd~ „Mn„Te
Impurity

Ga
Ga
Ga
Ga
Ga

Sample

GA1
P75
GI613
P30
P84A
P38C

0.01
0.03
0,05
0.10
0.20
0.30

0.035
0.044
0.102
0.250
0.295

Mn concentration (x)
Nominal Measured

Laser
wavelength (A)

7993
7993
7993
7525
6764
6764

Temperature
range (K)

1.8—20
1.8—40
1.8—40
1.8—40
1.8—20
1.8—20

CdI „Mn Se

In
In

GI553
GI552
GIS51
P48
p66

0.01
0.05
0.10
0.20

' 0.30

0.012
O, OS1
0.104
0.129
0.311

7525
7525

7525, 6764
6764, 6471

5682

1.8—40
1.8—40
1.8—160
1.8—80
1.8—40

Cd) Mn S EP3
EP13

0.02
0.10

0.022
0.125

5145, 5017
5309

1.8—40
1.8—40

also decreases with increasing temperature. This effect
prevented the observation of spin-flip Raman scattering in
some samples for T~ 20 K. A strong photoluminescence
background allowed the observation of spin-flip
Raman scattering in Cd

&
Mn Te:Ga, x =0.20, and

Cd& Mn Se:In, x=0.30, only over a limited range of
magnetic fields. The temperature ranges for which spin-
flip Raman scattering was observed in each sample are
given in Table I.

The light-scattering experiments were performed using
the right-angle scattering geometry. In this geometry, ' the
external field H was applied along the direction of either
the incident (k; ) or the scattered (k, ) beam. With

H~ ~k;~ z, the incident beam passes through a Babinet-
Soleil compensator, set to produce circularly polarized
light of either positive (&+) or negative (& ) helicities,
where &+ ——(x+i y)/V'2, and the scattered light is
analyzed along the direction of the magnetic field (z).
This light-scattering configuration will be r'eferred to as
(&+,z). In the right-angle geometry with H~ ~k„the in-
cident light is polarized along the direction of the magnet-
ic field (z), and the polarization of the scattered radiation
is analyzed as either o.+ or o. using a quarter-wave plate
in combination with a linear analyzer. For the
Cd& Mn Se and Cd~ „Mn S samples, the uniaxial
direction was kept parallel to the magnetic field (c~ ~H) to
within-5 .

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Characteristics of spin-flip Raman scattering in DMS s

In order to describe the variety of magnetic excitations
observed in Raman scattering, it is useful to consider the
Hamiltonian of the Mn + spins I S; I and that of one elec-
tron, s, in the presence of an applied magnetic field. We
consider the electron to be either in the conduction band
or bound to a donor in an extended, effective-mass state.
Representing the exchange interactions by the Heisenberg
form, the Hamiltonian of this system can be written as

JIM( I S; I,s) = —aXo g S; s+g*psH. s

+gpsH g S;+ g JiS; Si .

Here, o;Ko is the exchange constant of the interaction be-
tween localized spins I S; } and that of the electron, ps is
the Bohr magneton, J;J is the antiferromagnetic exchange
constant between Mn + ions, and g and g* are the Lande
g factor of the Mn + spins and of the electron, respective-
ly. The second and third terms are the Zeeman interac-
tions with the applied magnetic field. The first term leads
to the large spin splittings of the electron levels underly-
ing the large Faraday rotations in DMS's. The last term
represents the antiferromagnetic interaction of the mag-
netic ions responsible for the low-temperature magnetic
phases observed in DMS.

The Raman spectra of Cd& Mn Te:Cxa, x=0.03, are
shown in Fig. I for the (&+,z) and (&,z) polarization
configurations with T=40 K and H=60 kG. The two
Stokes features labeled PM and SF are present only in
(&+,z), while the corresponding anti-Stokes features ap-
pear only in the (&,z) configuration. The observed
width of the PM line is instrument-limited, while that of
the SF feature is —3 cm

We have studied ' the Raman line PM for several
DMS systems and a large range of Mn concentrations. In
the paramagnetic phase, the Raman shift cup~ of this line
varies linearly with H and is independent of the tempera-
ture. The PM feature is associated with spin-flip transi-
tions within the Zeeman multiplet of the Mn + 3d elec-
trons. Since the crystal-field splitting is too small to be
observed in Raman scattering, the ground state of the 3d
electrons can be treated as S5~z. When a magnetic field
is applied to the system, the sixfold degeneracy of this lev-
el is lifted. The resulting energy levels are given by
E(ms)=gpsHms, where g =—2 and ms is the spin projec-
tion along H. The Stokes PM Raman line originates
from the Am~ ——+ 1 spin-flip transitions between adja-
cent levels of this Zeeman multiplet with a Raman shift
given by Amp~ ——gp&H. Similarly, the anti-Stokes com-
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Cd, xMnxTe. Ga X=0.05
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FIG. 1. Raman spectra of Cd~ Mn Te:Ga, X=0.03, show-
ing the Amq ——+1 transitions within the Zeeman multiplet of
Mn + (PM) and the spin flip of electrons bound to Ga donors
(SF). 1 kcps = 10 counts/sec.

30 20

ponent is associated with the corresponding Am& ———1

spin-flip transitions. The Stokes line is observed in either
the (&+,z) or (z,& ) polarization configurations, while
the anti-Stokes component is present in either (&,z) or
(z, &+). Under conditions when the laser photon energy
approaches that of the band gap, we observed Raman
features which can be attributed to multiples of the
paramagnetic spin-flip transition (b,ms ——+2), as well as
to its combinations with longitudinal-optical (LO) pho-
nons. The Stokes component of the Raman line at 2copM
is observed in the (&+,& ) polarization, while the anti-
Stokes occurs in (&,&+). The combination of the spin-
flip transition with the zone-center LO phonons in
Cd& Mn Te occurs with shifts of ~LO+copM in the
(&+,z) or (z, &+) configurations. Raman features with
shifts of 3copM 4MpM, and ~LO+2copM have also been ob-
served in Cd] Mn Te. Since the appearance of these
features occurs only under band-gap resonance and the
spin-flip —phonon combination modes involve only the
LO phonons, and hence the Frohlich interaction, an inter-
band Raman mechanism was proposed. This mecha-
nism is based on a mutual spin-flip process between a
band electron and a Mn + ion attributed to the first term
of Eq. (3.1) and provides an explanation for the polariza-
tion and resonance characteristics of the observed Raman
features. The scattering cross section for this Raman
mechanism is proportional to (a&o), which is very
strong in these alloys. In Cd& Mn Te, for x) 0.30, the
PM line broadens and shifts as the temperature is lowered.
As the antiferromagnetic phase is approached, the PM
line evolves into one of the components of the magnon in
an applied magnetic field.

B. Spin-Aip Raman scattering for low Mn concentration

As discussed in the preceding section, the spin splitting
of the donor energy levels in DMS's has two sources, the
magnetization of the Mn + ions and the Zeeman effect.
Due to the strong s-d coupling, the effects due to the
magnetization will dominate. The Raman shift associated
with spin-flip scattering from these donor states will have
the form

120

CdI-x M"xTe

X =0.05
+ +18K

90— 05.0 K

I—

60—
Cf)

~ IOK

o 20K

+ 0
+ 0

+
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0
0+0 ~ O0

X
I

X X-

'0

x40Ko X

o X
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I
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I

60
MAGNETIC FIELD (k G )

FIG. 2. Magnetic field and temperature dependence of the
Raman shift associated with the spin flip of electrons bound to
donors in .Cd~ „Mn„Te:Ga,x =0.03.

The SF feature of Fig. 1 is attributed to spin-flip Ra-
man scattering from electrons bound to gallium donors.
It has the same polarization characteristics as those of the
PM line appearing' in the (&+,z) or (z, & ) polarizations
for Stokes scattering and in (&,z) or (z, &+) for anti-
Stokes scattering. As illustrated in Fig. 2, the peak Ra-
man shift of this spin-Aip feature, G, exhibits a strong
dependence on both temperature and magnetic field. The
primary source of the spin splitting of the electronic level
is the exchange coupling with the Mn + ions [first term
of Eq. (3.1)] with the Zeeman effect [second term of Eq.
(3.1)] making a relatively small contribution. Hence, the
Raman shift should be approximately proportional to the
magnetization of the Mn +-ion system, which amplifies
the effect of the magnetic field on the electron. ' As can be
seen in Fig. 2, a finite Raman shift is observed for zero
magnetic field. This effect is attributed by Dietl and
Sparek ' to the "bound magnetic polaron (BMP)": The
electron 1ocalized on a donor in a diluted magnetic crystal
polarizes the magnetic ions within its orbit, creating a
spin cloud that exhibits a net magnetic moment, An addi-
tional effect on the binding energy of the electron bound
to the donor originates from thermodynamic fluctuations
of the magnetization and the resulting spin alignment of
the magnetic ions around the donor.
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fmo —6—0
—— Mo(H) +g*p~H,
gga

(3.2)
50' I I

C I-X IVI "XSe
I.8 K

where Mo is the macroscopic magnetization. The mag-
netization will be proportional to the thermal average of
the Mn + spin projection along H multiplied by the den-
sity of Mn + ions that contribute to the magnetization,
yielding

40
5.0 K

IO K

ho ——xa%0 (S, ")+g*p&H . (3.3)
30

Here Xo is the density of cations and x is the concentra-
tion of Mn + ions that contribute to the magnetization.
For small x, the crystal is paramagnetic and the thermal
average of the Mn + spins is

Z 20 20K

(S, ")= , B5)2(g—pgHlkgT), (3.4) 40K

50
Cdi-xMnxTe ( n }

X= O.Ol
I.S K

5.0 K

IOK

where 8»2 is the Brillouin function BJ for J=—', . The
spin-flip Raman shifts for Cd~ „Mn Te, x=0.01, are
shown as a function of temperature and magnetic field in
Fig. 3. This sample was not intentionally doped, yet it ex-
hibits n-type properties due to the presence of
unknown —"anonymous" —donors. A similar plot is
shown for Cd& „Mn Se, x=0.01, in Fig. 4. Although
these samples are very similar, the Raman shifts of the
Cd& Mn Te, x=0.01, sample appear to saturate for a
slightly lower magnetic field. This small effect can be at-
tributed to the difference in the signs of the intrinsic g
factors, that is, g*(CdTe)= —0.75 and g*(CdSe)=0.52.
Once the magnetization due to the Mn + ions has reached
saturation, the Raman shifts for Cd& „Mn Se, x=0.01,
will continue to increase with magnetic field, while those
for Cd& Mn Te, x=0.01, will decrease. The fits shown
in both figures were generated using Eqs. (3.3) and (3.4)

IO

0 20 40 60
MAGNETIC FIELD ( kG )

FIG. 4. Magnetic field and temperature dependence of the
Raman shift associated with the spin flip of electrons bound to
donors in Cdl Mn Se, x=0.01. The theoretical curves result
from Eqs. (3.3) and (3.4).

and the intrinsic g factors of Table II. For Cd& Mn Se,
x=0.01, the effective Mn concentration is x=0.0084,
yielding x/x=0. 70, which indicates that, even for such a
low value of the Mn concentration, a significant fraction
of the magnetic ions do not contribute to the net magneti-
zation due to effects of antiferromagnetic pairing. As can
be seen in Figs. 3 and 4, the curves fit the experimental
points quite well, except for those at T=1.8 K. For this
temperature, the experimental points do not saturate as
quickly as the theory predicts. Instead, it appears as if the
temperature T should be replaced by T+TAF, where
TAF is a phenomenological constant that is inserted to ac-
count for weak antiferromagnetic interactions. These de-
viations from the paramagnetic description, TAF ~ 0 and
x & x, indicate that there is a significant antiferromagnet-
ic coupling between the magnetic ions even for small x;
such departures will clearly be more significant with in-
creasing x.

20
20K

C. Compositional dependence of spin-flip
Raman scattering: Mean-field approximation

IO

0
0 20 40 60

MAGNETIC FIELD ( kG )
FIG. 3. Magnetic field and temperature dependence of the

Raman shift associated with the spin flip of electrons bound to
donors in Cdl „Mn„Te,x=0.01. The theoretical curves result
from Eqs. {3.3) and (3.4).

The compositional dependence of spin-flip Raman
scattering has two sources. Within a DMS system, such
as Cd~ „Mn„Te,the properties of the spin splitting
should show a strong dependence on the Mn concentra-
tion. For a given x, these properties should also vary
from one DMS system to another, as illustrated by
the spin-flip Raman shifts of Cd& Mn Te:Ga,
Cd& Mn Se, and Cd& „Mn S for x=0.10 shown in
Figs. 5, 6, and 7. As given in Table I, the actual Mn con-
centrations in these three alloys are approximately the
same, allowing some general observations from an inter-
comparison of these results.
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TABLE II. Material parameters.

Quantity Symbol Cd~ Mn„Te Cd) „Mn Se Cd) Mn S

Intrinsic g factor'
Dielectric constant'
Effective mass'
Exchange constant' (meV)

KI /mp
nNp

—0.75
10.9
0.11

220

0.52
10.6
0.13

260

1.77
8.9
0.20

217

'For x=0 alloy.
"From Refs. 2 and 5.
'From Refs. 17, 35, and 36.

spin-flip Raman scattering is its dependence on the Mn
concentration. The DMS systems Cd& „Mn„Teand
Cd& Mn Se were studied over the range 0.01(x (0.30,
exceeding the concentration required for the onset of lat-
tice frustration and the spin-glass phase.

The spin-flip Raman shifts for Cd~ Mn Te at T=1.8
K are shown in Fig. 8 as a function of magnetic field and
composition. The results for x=0.01 show the saturation
behavior characteristic of the paramagnetic phase. As the
Mn concentration is increased to x=0.03 and 0.05, the
Raman shifts increase and the effects of saturation are
still clearly evident, but less pronounced. For x=0.10,
the deviation from the paramagnetic behavior is quite evi-
dent. For H=60 kCx, the Raman shift for x=0.10 is only
4 times that for x=0.01. As x exceeds 0.10, the Raman
shifts for a given field actually decrease; note that the
shifts for the x=0.20 sample lie below those for the
x =0.10 sample, and the Raman shifts for the
Cd~ ~ Mn Te:Ga, x =0.30, sample are significantly
smaller than those for the x=0.10 and 0.20 samples.
When the temperature is raised to 20 K, the Raman shifts
show a different dependence on the Mn concentration. As
illustrated in Fig. 9, the Raman shifts show an approxi-
mately linear dependence on the magnetic field, a charac-
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X =O. IO

ol.8 K0160 —Cdl-X M~XTe '. Ga
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FIG. 5. Magnetic field and temperature dependence of the
peak spin-flip Raman shift in the Cdi Mn„Te:Cza, x=0.10,
sample.

20

MAGNETIC FIELD {kG )
FIG. 6. Magnetic field and temperature dependence of the

peak spin-flip Raman shift in the Cd~ „Mn„Se,+=0.10, sam-
ple.

The above three samples were studied over the tempera-
ture range 1.8—40 K. In addition, the excellent Raman
signals in Cd& Mn Se permitted observations for tem-
peratures up to 160 K. At the higher temperatures, a sig-
nificant number of the shallow donors are expected to be
ionized, and the Raman scattering observed at these tem-
peratures could be from both bound and thermally excited
electrons. The spin-flip energies of these alloys deviate
significantly from the paramagnetic behavior observed in
alloys with small Mn concentrations as illustrated in Figs.
3 and 4. Such deviation is much more significant for the
Cd& Mn Te sample, indicating that the antiferromag-
netic temperature TAF should be significantly higher than
those for the Cd& Mn„Se and Cd& Mn S samples.
The saturation Raman shift is largest in Cd& Mn Se due
to the substantially larger s-d exchange coupling neo.
All three samples show experimental evidence for the
bound magnetic polaron, with zero-field shifts of -6
cm ' for the Cd& „Mn„Te,9 cm ' for the Cd& Mn Se,
and 17.2 cm ' for the Cd1 Mn~S samples at T=1.8 K.
These variations in the BMP energy are discussed in a
subsequent section.

In the light of the various magnetic phases exhibited by
diluted magnetic semiconductors, an important aspect of
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FIG. 8. Magnetic field and composition dependence of the
peak spin-flip Raman shift in the Cd& Mn Te samples at
T=1.8 K.

teristic of the high temperature, and increase with increas-
ing x until x=0.25. The Raman shifts for the x=0.30
sample now lie above those for x=0.10, yet still below
those for the x=0.20 sample.

For Cd& Mn Se, the situation is slightly different. As
illustrated in Fig. 10, for T=1.8 K, the Raman shifts in-
crease with Mn concentration and exhibit saturation ef-
fects for x &0.10. The shifts for the nominally x=0.20
sample are essentially the same as those for the x=0.10
sample, reflecting the actual composition of the former,
viz. , x=0.13. As was the case for Cd& „Mn Te, the Ra-
man shifts for the x=0.30 sample are significantly small-
er than those for the x=0.05, 0.10, and 0.20 samples.
Since spin-flip Raman scattering was observable at 40 K
for all the Cd& Mn~Se samples, it is possible to consider
the Mn-concentration dependence of the Raman shifts at
this temperature. As can be seen in Fig. 11, the Raman

l
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FIG. 9. Magnetic field and composition dependence of the
peak spin-flip Raman shift in the Cdl, Mn Te samples at
T=20 K.

shifts increase with increasing x for x (0.30, although
the rate of this increase becomes less for x ~ 0.10.

Using the mean-field approximation, one can obtain an
estimate of the antiferromagnetic temperature T~„and
the effective Mn concentration x. From these parameters,
the temperature and composition dependence of the Ra-
man shifts, as illustrated in Figs. 8—11, can be described
in a more quantitative manner. In the mean-field approx-
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peak spin-flip Raman shift in the Cdl „Mn Se samples at
T=1.8 K.
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imation, we neglect the BMP energy and consider only
those portions of the Raman-shift data that are linear in
the magnetic field. In this approximation,

a 35x (aXo )
/Mo(H)= gpgH

pg 12k~ T + TAF

Hence, the effective g is

~b o 35x (a%o )

g'"=/, aH
=

12k,(T+T„„)g+g =g"+g

(3.5)

In order to determine x(aXo) and T~F for each sam-

ple, the inverse slopes of the 6„-versus-H curves as deter-
mined by least-squares fits are plotted in Figs. 12 and 13
for the Cd~ „Mn Te and Cd& Mn„Se samples, respec-
tively. All the samples show a linear dependence given by

=m(T+T&F) for T &20 K .

From these plots, a least-squares fit was used to determine
TAF and m ~ (xaXo) '. These results are summarized in
Table III.

The parameters xa&o and TAF listed in Table III ex-
hibit some general trends. As expected, Xa&o and TAF
increase with x within a given DMS system. We note
that XaXo does not increase linearly with x, reflecting a
decreasing x/x, for increasing x. The antiferromagnetic
temperature TAF shows a gradual increase with x up to
x=0.25; when x exceeds this value there is clearly a
dramatic increase in TAP that can be attributed to effects
of the spin-glass phase. For comparable compositions,
one notices that the Cd& „Mn Te values for xo;Xo are
significantly smaller and the values for TAF are substan-
tially larger than those for Cd& Mn Se. For

50
l00

0 10 20 40
TEMPERATURE ( K )

FIG. 12. (BA„/BH) ' vs temperature for Cd& „Mn„Te.
BA„/BH is the slope of the linear portion of the Raman-
shift —vs —H data, corrected for the Zeeman contribution. The
straight lines are fits to the experimental data. See Table III for
parameters.

Cd, „Mn„Sboth xaXo and TAF are smaller than for
Cd& ~Mn Se. These trends reflect the relative strengths
of the s-g exchange coupling aXo and of the antifer-
romagnetic interaction of the Mn + ions, as manifested in
x/x and TAF.

We note from Fig. 13 that the data at T=40 K lie
slightly below the straight-line fits, indicating a possible
temperature dependence in the slope of (Bb,„/BH) '. We
studied this effect in more detail in Cd& „Mn„Sefor the
x=0.10 and 0.20 samples, since spin-flip scattering was
observed in these samples up to T= 160 and 80 K, respec-
tively. In Fig. 14 we present the temperature dependence
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g X
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FIG. 13. (BA„/BH) ' vs temperature in the Cdl Mn„Se
samples. BA /BH is the slope of the linear portion of the
Rarnan-shift —vs —H data, corrected for the Zeeman contribu-
tion. The straight lines are fits to the experimental data. See
Table III for parameters.
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TABLE III. Mean-field parameters.

DMS system

Cd~ Mn Te 0.01
0.03
0.05
0.10
0.20
0.30

0.035
0.044
0.102
0.250
0.295

Mn concentration (x)
Nominal Measured xaXO (meV)

2.03
4.85
5.95
9.43

11.0
14.4

TAF (K)

0.43
1.14
2.25
3.37
6.24

16.2

Temperature
range (K)

&20
&40
&40
&20
&20
&20

Cdl „Mn Se 0.01
0.05
0.10
0.20
0.30

0.012
0.051
0.104
0.129
0.311

2.18
7.06

10.1
11.5
16.2

0.85
1.38
2.28
3.10

13.3

&40
&20
&20
&20
&40

Cd~ „Mn S 0.02
0.10

0.022
0.125

3.17
8 ~ 36

0.53
1.60

&20
&20

of (Bh„/BH) ' for the entire temperature ranges. The
solid lines are the same as those in Fig. 13, whereas the
dashed curves represent least-squares fits to the second-
order polynomial p +q T +rT, where the deviation from
the linear relationship is expressed by the quadratic term.
The decreasing slope of (M.„IBH) is indicative of x in-

creasing and/or TAF decreasing with T; both are possible
due to the weakening of the antiferromagnetic coupling
with temperature.

D. The bound magnetic polaron

O' X
Ep =

32~a (gps)
(3.9)

is the characteristic BMP energy for an s-type wave func-
tion with an effective Bohr radius a. Here, Mo is the
magnetic-field-induced magnetization and X is the mag-
netic susceptibility. At a finite temperature a range of 6
beyond the minimum of H(b, ) is accessible to the system.
The probability of a thermal fluctuation of the magnetiza-
tion giving rise to a specific 5 is

In order to discuss the experimental results on the
bound magnetic polaron, it is useful to review the theory
for it as developed by Dietl and Spalek. ' ' The electron
is assumed to be bound to a shallow donor and interacting
through an s-d coupling with a paramagnetic subsystem
of localized magnetic moments. Only the large-polaron
case is considered, allowing the continuous-medium,
effective-mass, and molecular-field approximation. This
model assumes that the donor electron interacts with a
large cloud of spins with an effective classical spin.

Neglecting field-induced anisotropy, Dietl and Sparek
derive an effective BMP Hamiltonian given by

l5,

io

E
C9

0
0 IO 20

50
40

—20

—50
—too

80

H (b, ) = —k~ T ln 2 cosh
2k~ T 20—

(h. —6O)+ +ED(a),8'
(3.7)

IO— —20

Mo+g pgH (3.8)

is the magnetic-field-induced component of 6, and

where ED(a) is the binding energy of the electron arising
from the Coulomb part, 6 is the magnitude of the spin
splitting with 6, parallel to the effective local magnetic
field, defining the direction of the spin-quantization axis
of the electron,

—50
I

l600 20 40 80
TEMPERATURE ( K )

FIG. 14. (BA„/BH) ' vs temperature in the Cd~ „Mn„Se,
x=0.10 and 0.20, samples. The straight lines are fits to the ex-
perimental data for T & 20 K. The dashed curves are fits of the
form (BA„/BH) ' =p +qT +rT, where p =0.832 (0.715)
kG/meV, q =0.224 (0.229) kG/meV K, and r = —0.335
( —0.889) && 10 kG/meV K for the x=0.10 (0.20) sample.
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P( 6 ) =C exp
H(h)
k~T

(3.10)

where C is a normalization constant.
The probability distribution for 6=

~

b ~, P ( b ), is
given by integrating (3.10) over all angles, yielding

r

zation characteristics of the spin- flip Raman feature.
This is discussed in more detail in subsection E.

In order to calculate 6, the magnetic-field-induced spin
splitting Ap and the characteristic energy of the bound
magnetic polaron, e&, must first be determined. For a
weakly antiferromagnetic system,

AAp
P (b, ) =C'6 sinh

4epk~ T

Q2
& cosh exp

2k~ T 8epk~ T

In the absence of a magnetic field, P(h) reduces to

(3.11)

60=x aNO ~ Bgyp(7) ) +g psH

where

gpgII
ks(T+ TAF

(3.16)

(3.17)

P(b, )
~ ~ o

——C"b, exp — coshII 2
Q2

8epk~ T 2k~ T

(3.12)

where

1C" ' = ( 8~op ks T) 1+. exp4~ k~T 2k~ T

8'
14 kg(T+TAF) Bg'

where we use the notation of Heiman et al. ,
'

35 x(aNO)
8'p ——

~a'X,

(3.18)

(3.19)

(3.13)

The theory of Dietl and Spelek results in an intensity
distribution characterizing the spin-flip Raman line, I(6),
to be P(b, ), given by Eqs. (3.11) or (3.12), multiplied by
the probability that the donor electron has its spin aligned
parallel (antiparallel) to the effective field h(H, T),

I(b, ) =CP(h) exp +
2k~ T

2 cosh
2 g T

(3.14)

AAp
+2' 6—AAp coth —4epkg T =0,

4epk~ T

which shows an asymmetry in 6 between the Stokes and
anti-Stokes components. The final expression for the Ra-
man intensity as calculated by Dietl and Sp3Iek ' and Hei-
man et al. ' does not include the effects of the magnetic
field and temperature on the matrix elements of the Ra-
man tensor. Since Raman scattering proceeds through in-
termediate states, the Raman matrix elements exhibit an
angular dependence such that the cross section for scatter-
ing from a donor electron with a given 5 depends not just
on

~

b,
~

as implicit in Eq. (3.14), but also on the angle be-
tween 6 and ho~ ~H. This antular dependence has a small
effect on the peak position A. However, in light of the
approximations that made the problem tractable and lead
to the result of Eq. (3.7), this small correction can be
neglected and Eq. (3.15) serves as a good approximation
for A. However, the angular dependence of the Raman
matrix elements needs to be considered in determining the
magnetic field and temperature dependence of the polari-

(3.15)

where C is a constant related to the scattering cross sec-
tion, and + refers to the Stokes and anti-Stokes
components of the line. The peak position of the Raman
line, 5, satisfies

35— gPa H
bo—= i~xaNp

k (T T )
+g ~s

B + AF
(3.20)

and the characteristic BMP energy becomes magnetic
field independent, i.e.,

As demonstrated by Dietl and Sperek, ' the dependence
of the effective Bohr radius (a) on x, T~„,H; and T can
be determined using a variational technique. The values
of the effective mass I' and the static dielectric constant
~ are needed in order to evaluate the radius a using this
procedure. Since the effects of composition on these pa-
rameters are not known, only an approximate value for a
can be deduced. Therefore, in generating the theoretical
fits to be discussed here, it is convenient to treat 8'p, and
hence a, as a third adjustable parameter along with x and
TAF. The resulting values of a may then be compared
with the known Bohr radii for x=0.

The spin-flip Raman shifts are plotted in Fig. 15 as a
function of magnetic field and temperature for
Cd~ Mn„S, x=0.02. The data clearly exhibit a strong
saturation tendency for this magnetic field range, indica-
tive of a weak antiferromagnetic system. The donor levels
in this sample exhibit a zero-field spin splitting of -9
cm ' for T=1.8 K. The curves in this figure are the best
fits generated from Eqs. (3.15), (3.16), and (3.18), yielding
xo.'Xp ——3.75 meV, TAF ——0.88 K, and 8'p ——0.53 meV.
For this weak antiferromagnetic sample, the theory gives
an excellent description for the entire temperature and
magnetic field ranges. As can be seen, the only significant
discrepancy between the theory and the experimental re-
sults occurs at very low magnetic fields.

For larger Mn concentrations the antiferromagnetic
coupling between magnetic ions becomes more important.
For the higher compositions, the theory was used to fit
the data at only low magnetic fields. In the mean-field
approximation, the magnetic-field-induced spin splitting
can then be approximated by



32

Eo 60

V) 40

X

I

d~-x Mp„s

333IN FLIP RAMMAN SCATTERING

I

IN n-T~p E DILUTED

I I

~ ~

I.SK

5.0 K

IO K

curves descr jb
ence of th d

agnetic f1e

sample th
theoretical p menta

e raced to th

t e

x and TAF of T
e temperat urede en

s or T=40 K

s tscllssed ln sll~40 K, as d' in sn

d t rmi edb lu'tin th
' '"-'"'c

1' "f versus Tat T==0.

20 40K BT
——2 2kB—

e~(0)

TAF

0
0

I

60

agnettc fteld and te

crated from Eqs

28'o
4k (sT+ TAF)

(3.21)

The low-field
are 1 d F

— ie d data and t curves

e seen in Fi 16

T=1.8 K

es g. (a) a st
d'" Cd

a a for the other es

ers
' '

a le IV Thee resulting

(0 tf Wp) U 8ksT

)0 1

B AF~
(3.23)1S f Wp (&8k

The condit

B TAF

B AF uat1on 1

ng mani

tm
'

moment in themo e spin clo
0.10 s

theory predicts th

p

e ata we, but
with these a s

con irmation of the
tsapplyt F

a for th Cd n Se, x=at e ) M
re shown

m for

1

ro-fi'ld Raman
rm1t a det

contrast t

con centrat

0

ion and tern
over a wide

yo

nerate the best f't
arame-

1 s of F1 1

aman shifts ver p ors very well except for

30
Cd I-x M "xT ~ G

X =0.03
Cd I-x M" xT G

X =0.05
IO K—

Cd I-X M" XTe - Ga

X=0.IO

E ZO

IO K
20K

Z.'
IO

20K

40K

20K

40K

40K

(a)
l5

I

IO
I

IO00

F!G. 16. Magnetic

0 5

(b)

AGNETIC Fl

I

tc)
5

I

p p

I5

f
i tintheCd M „TGa, x=0.0
n 3 ee Table IV foror parameters.



334 D. L. PETERSON et al.

TABLE IV. Parameters for theoretical fits to the BMP. (Values of TAq and 8 p in parentheses re-
sult from zero-field fits. )

DMS system

CdI „Mn„Te 0.03
a.as
0.10
0.20
0.30

0.035
0.044
0.1a2
0.250
0.295

Mn concentration (x)
Nominal Measured xnXp (mev)

4.85
5.70
9.45

13.55
15.20

TAF «)
1.09
2.08
2.96
6.88

16.55

Wp (meV)

0.28
0.38
0.51
0.77
1.10

0.63
0.59
0.42
0.25
0.23

Cdl „Mn„Se 0.05
0.10
0.20
0.30

0.051
0, 104
0.129
0.311

7.80
10.10
11.75
13.85

1.65 (1.16)
2.20 (1.28)
2. 82 (1.50)
9.84 (4.04)

0.58 (0.53}
0.67 (0.63)
0.73 (0.68)
1.24 (1.04}

0.59
0.37
0.35
0.17

Cdi Mn„S 0.02
0.10

0.022
0.125

3.75
9.10

0.88
1.88(1.88)

0.53
1.04( 1.04)

0.79
0.34

very low magnetic fields and for temperatures above 20
K. For the x=0.10 and 0.20 samples, the measured
zero-field spin splittings exhibit a much stronger tempera-
ture dependence than predicted by the theory using the
best-fit parameters of Table IV. The Mn concentration of
the Cd& Mn Se:In, x=0.30, sample is well above the
percolation threshold, and hence, the antiferromagnetic
coupling in it is very significant. The theory does not
describe the temperature dependence of the spin splittings
well, especially for very low fields. Based on the values of
x, TAF, and 8'o determined from the best fit of Eqs.
(3.15), (3.20), and (3.21) to the experimental results, the
theory predicts a strong temperature dependence of the
zero-field shifts, with the shifts increasing with increasing
temperature. The data show a weaker temperature depen-
dence, with the spin-Aip energies decreasing rather than
increasing with temperature.

In contrast to Cd~ Mn„Teand Cd~ Mn„Se, the best
fits generated from the theory predict the zero-field Ra-
rnan shifts in the Cd& „Mn„S,x=0.10, sample very well.
As illustrated in Fig. 18, these curves give an excellent
description of the measured magnetic field and ternpera-
ture dependence for T~ 20 K. For T)20 K, the fits are
still very good, but, as in the other alloys, the difference
between theory and experiment increases with tempera-

ture.
The above analysis demonstrates that the theory of

Dietl and Spalek developed for paramagnetic or weakly
anti ferromagnetic systems does provide a very good
description of spin-flip Raman scattering in the diluted

magnetic semiconductors Cd& Mn Te, Cd& „Mn Se,
and Cd, „Mn„Sfor low Mn concentration (x &0.15).
However, the parameters used in their theory appear to
exhibit a temperature dependence for T) 40 K and a
magnetic field dependence for H&2 kG. For concentra-
tions above the percolation threshold, as illustrated by the
results for Cd& Mn Se:In, x=0.30, the theory is not as
successful. As in the mean-field description, the BMP-
theory parameters listed in Table IV show some general
trends: x/x decreases with x and is comparable for dif-
ferent DMS's with the same Mn concentration; 8'o in-
creases with x and for comparable x is largest for
Cd& Mn S and smallest for Cd& Mn Te; and xcxXo
and TAF are comparable to those determined using the
mean-field approach of subsection C.

The BMP theory [see Eq. (3.15)] predicts an asymmetry
in the peak Raman shift for the Stokes and anti-Stokes

components of the Raman feature. The spectra for the
Cd& „Mn Se:In, x=0.20, sample at T=20 K are shown
in Fig. 19(a) for H=O and in Fig. 19(b) for H=10 k&.

60
Cdl-xMnx Se

X = 0.05

I

Cd) XMnxSe

X = O. IO

Cdl-x MnxSe . In

X =0.20
dl-xMnxSe '. In

X = 0.50

E 40

20
40K

(o)
I

l5

(d)
I

l5

(b) (c)
0 I I I

0 5 IO 0 5 IO 15 0 5 IO I5 0 5 10

MAGNETIC FIELD (kG )

FIG. 17. Magnetic field and temperature dependence of the peak spin-flip Raman shift in the CdI „Mn Se, x=0.05, 0.10, 0.20,
and 0.30, samples at low fields. The best-fit curves were generated from Eqs. (3.15), (3.20), and (3.21). See Table IV for parameters.
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FIG. 18. Magnetic field and temperature dependence of the

peak spin-flip Raman shift in the Cd~ Mn„S,x=0.10, sample.
The best-fit curves were generated from Eqs. (3.15), (3.20), and
(3.21) with xeNo ——9.10 meV, TAq ——1.88 K, and 8'o ——1.04
meV.
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FIG. 20. Magnetic field dependence of the peak spin-flip Ra-

man shift for Stokes and anti-Stokes scattering in the
Cd~ „Mn„Se:In,x=0.20, sample at T=20 K. The theoretical
curves were generated from Eqs. (3.15), (3.20), and (3.21), with
xo.'No ——11.75 meV, TAq ——2.82 K, and 8'o ——0.73 meV.
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FIG. 19. Spin-flip Raman spectra 'for the Cd~ „Mn Se:In,
x=0.20, sample at T=20 K for H=O and 10 kG. The solid

(dashed) line is the Stokes (anti-Stokes) component. The scans
were recorded in the (x,z) polarization.

As can be seen, there is an observable difference in the
peak Raman shifts of the Stokes and anti-Stokes com-
ponents for both values of the magnetic field. This asym-
metry results from the fact that the Stokes (anti-Stokes)

spin-flip Raman feature reflects the distribution of the
spin splittings multiplied by the probability that the
ground state (excited state) is occupied. The probability
of the electron being in the excited state decreases with
the magnitude of the spin splitting, and results in the peak
Raman shift of the anti-Stokes feature being less than that
of the Stokes feature. The measured Stokes and anti-
Stokes peak Raman shifts are plotted in Fig. 20. The
theoretical curves of this figure were generated with the
same parameters as in Fig. 17(c). The predicted and mea-
sured results agree well, particularly in the magnitude of
the asymmetry which increases slightly as the magnetic
field is increased.

The zero-field spin-flip Raman spectra for the
Cd& ~Mn Se, x=0.05, 0.10, 0.20, and 0.30, samples at
T=1.8 K are shown in Fig. 21. As can be seen in this
figure, the shifts and widths of the Raman features in-
crease with Mn concentration for a given temperature.
The theoretical curves are best fits generated from Eqs.
(3.12), (3.13), (3.14), and (3.21) with the peak intensities
adjusted to match the experimental values. The values of
the parameters 8 o and TAz that give these fits are listed
in Table IV. As illustrated in the figure, the theory pro-
vides a very good description of the shape of the Raman
feature for x (0.10. The experimental spectra for the
Cd& Mn„Se:In, x =0.20 and 0.30, samples show the Ra-
man feature to have an additional width not predicted by
the theory. A possible source of this additional width
may be spatial fluctuations in the Mn concentration.

The zero-field spin-flip Raman spectra of the
Cd~ Mn Se, x=0.10, sample are shown in Fig. 22 for
T=1.8, 5, 10, and 20 K. As can be seen in the figure, the
Raman shift of the spin-Aip feature decreases for higher
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FIG. 21. Zero-field spin-flip Raman spectra for the CdI „Mn Se, x=0.05, 0.10, 0.20, and 0.30, samples at T=1.8 K. The scans
were recorded in the (&+,z) polarization. The best-fit curves were generated from Eqs. (3.12)—(3.14) with the peak intensities adjust-
ed to match the experimental results. See Table IV for parameters. a.u. denotes arbitrary units.

temperatures. Other than for the temperature, the experi-
mental conditions were identical for the four scans. The
four theoretical curves are best fits generated from Eqs.
(3.12), (3.13), (3.14), and (3.21) for T&F 1.28 K an——d
Wo=0.63 meV, using the same value for C in Eq. (3.14).
The predicted variation of the peak intensity with tem-
perature agrees quite well with the experimental results.
Due to the excellent quality of the data for this particular
sample, the observed small difference in the experimental
and theoretical line shapes is real. We note that the Ra-
man spectra in this figure are more asymmetric than the
theory predicts.

The zero-field values of the parameters TAF apd 8'p
listed in Table IV for the Cd~ „Mn„Sesamples are signi-
ficantly smaller than those determined from fitting the
theory to the finite-field Raman shifts. As was discussed
in the preceding section, the finite-field parameters did
not describe the zero-field spin splittings well. The largest
difference between the finite-field and zero-field values
occur for TAF, the latter being significantly smaller than
the former. To a lesser extent, the values of 8 p are also
smaller. The large discrepancy in the values of TAF indi-
cates that this parameter exhibits a magnetic field depen-
dence which appears to be most significant at very low

magnetic fields.
The zero-field spin-flip Raman shifts in the

Cd& Mn Se samples are plotted in Fig. 23 as a function
of temperature. The theoretical curves of this figure were
generated from Eqs. (3.21) and (3.22) using the zero-field
parameters of Table IV and give a good description of the
observed temperature dependence. We note that the strik-
ing temperature dependence of the zero-field spin split-
tings seen for low Mn concentrations weakens as x is in-
creased.

The zero-field spin-flip Raman spectrum for the
Cd& Mn S, +=0.10, sample at T=1.8 K is shown in
Fig. 24. The Raman shift of —17 cm ' is much larger
than the shifts measured for Cd, „Mn„Se and
Cd~ „Mn Te samples. The theoretical curve of Fig. 24 is
a best fit to the data with TzF ——1.88 K and 8'p ——1.04
meV. These parameters are identical to the finite-field re-
sults. This is not surprising, since the finite-field fits for
this sample did match the zero-field Raman shifts (see
Fig. 18). The magnitude of the zero-field spin splitting is
relatively large, and the variation of the Raman shift with
temperature shown in Fig. 25 is more pronounced than
that for Cd& Mn Se.

In comparing the theory with the experimental results,

Cdl- x MnxS8

X =O, IO

00 I

io 20
I

10 20 0
I

20
I

IO
I

20

RAMAN SHIFT { cm )
FIG. 22. Zero-field spin-flip Raman spectra for the Cd& Mn„Se, x=0.10, sample at T=1.8, 5, 10, and 20 K. The scans were

recorded in the (&+,x) polarization. The best-fit curves were generated from Eqs. (3.12)—(3.14) using the same value for C in Eq.
(3.14). The zero-field parameters derived from these fits are TAP ——1.28 K and 8'o ——0.63 meV.
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1.0—

0.8

0 o

—0.75
x=0.10, sample. With H~ ~c~ ~z, the Stokes Raman inten-
sities were measured in the (&+,z) and (&,z) polariza-
tions for H & 10 ko and T=1.8, 5, 10, and 20 K. It is
useful to characterize the intensity of the scattered radia-
tion by a parameter p defined as

0.6

—0.50 I+ —I
I+ +I (3.24)

0.4

0.2

O.O

—0,25

0.00
)0

where I+ and I are the Stokes intensities in the (&+,z)
and (&,z) configurations, respectively. As mentioned in
subsection D, the result of Eq. (3.14) does not include the
angular dependence of the Raman matrix elements. Since
the Raman scattering proceeds through intermediate
states affected by the applied magnetic field and the re-
sulting magnetization, the angular relationship of d with
H~ ~c has a pronounced effect on the Raman cross section.
Alov eI; al. ' propose that, to within a common
Boltzmann factor,

FIG. 27. Dependence of the degree of circular polarization p
on the parameter g = ( b.b 0) /4e~ ks T for the Cd, „Mn„Se,
x=0.10, sample. The maximum measured value p'=0.72 is
normalized to p=1. The solid curve was generated from Eq.
(3.27), whereas the dashed curve represents p= (cosO)
=cothg —1/g (see Ref. 38).

tion makes to the binding energy of the electron. Using
the values of Wo in Table IV and No =No(CdSe)
=1.78)&10 cm, a is 36 A for x=0.051, 35 A for
x =0.104 and 0.129, and 28 A for x=0.311 in
Cd& Mn Se. Similarly, the effective Bohr radius is 22
A for Cd& Mn S with x =0.125 with
(CdS) =2.01 X 10 cm . One can thus conclude that the
large differences in 8'o for different DMS's of compar-
able x can be primarily attributed to the sizes of the Bohr
orbits rather than to variations in x and neo.

E. Polarization characteristics of spin-flip
Raman scattering in DMS's

As mentioned in subsection A, Stokes spin-flip Raman
scattering in cubic Cd~ „Mn Te is observed in the (&+,z)
and (z, & ) polarizations for large magnetic fields. For
large H with H being along c~ ~z, Stokes spin-flip scatter-
ing is present in the (&+,z) polarization and absent in the
(&,z) polarization for the wurtzite Cd~ Mn Se and
Cd& Mn S samples. Our polarization results, as well as
those of other studies, ' ' agree with the selection rules
appropriate to electrons bound to donors in crystals with
the'wurtzite structure as determined by Thomas and Hop-
field.

The polarization results discussed above refer to Raman
scattering in a large applied magnetic field, which aligns
the electron-spin-quantization axes, such that h, ~~H. In
the absence of an applied field, the distribution of 6 is
completely isotropic. As the field is turned on, the quant-
ization axes will begin to align themselves in a manner
that is dependent on the sample temperature and other pa-
rameters, such as composition. This degree of alignment
can be determined from polarization studies as a function
of magnetic field and temperature.

Here we discuss the results for the Cd& „Mn„Se,

I ~ cos — and I ~ sin—4. 0 -, gO
+ 2

(3.25)

where 0 is the angle between the local quantization axis 4
and the applied magnetic field. Although this result was
derived for a DMS of the wurtzite structure, a similar ar-
gument yields the same result for cubic Cd& ~Mn Te.
Using the probability distribution of Dietl and Sparek, '

the expectation value of a function of 0, f (8), will have
the following dependence on 6:

(f(9))= f dQb, f(8)I'(6,), (3.26)

where P(b, ) is given by Eq. (3.10). A straightforward cal-
culation yields a result similar to that of Alov et al. ,

'

viz. ,

g(gcothg —1)

g +1—gcothg
(3.27)

where g=(b, ho)/(4e~ksT). From this result, it is clear
that p should vary not only with magnetic field and tem-
perature, but also with the magnitude of the spin splitting,
resulting in different portions of the rather broad Raman
feature exhibiting different degrees of polarization.

The results in Eq. (3.25) were derived by Alov et al. ,
"

with the assumption that the difference in the energies of
the intermediate states associated with the (&+,z) and
(&,z) processes is negligible, or, in other words, that the
Raman scattering occurs with laser energies much smaller
than the energy-band gap. This is not strictly the case,
when experiments are performed with laser energies that
approach resonance conditions, and the functional form
of the angular dependence in Eq. (3.25) could depend on
the laser wavelength used in the experiment.

The experimentally determined values of p for the peak
Raman shift, p', are plotted in Fig. 26 as a function of
magnetic field and temperature. As can be seen in the fig-
ure, the measured values saturate at p '=0.72. This value
lower than unity can be attributed to the limitations in-
herent to polarization measurements and we assume the
saturation value of p' to correspond to a complete align-
ment of the quantization axes 4 leading to p=p(g)=1,
where g'=(bho)/(4ezk&T). The curves of Fig. 26 were
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generated from Eq. (3.27) using the parameters in Table
IV. In Fig. 27 we plot p as a function of the dimension-
less parameter g, allowing a comparison of the data for
different magnetic fields and temperatures in a convenient
manner. The solid line in Fig. 27 represents Eq. (3.27);
the experimental results lie just below this line, perhaps
reflecting the effects of the near resonance of the laser en-

ergy with the band gap. The dashed line in the figure cor-
responds to

p = ( cosO ) =cothg —I /g,
as proposed by Planel. As can be seen, it gives a poor
agreement with the experimental data.

IV. CONCLUSION

The experimental results presented in this paper
represent a comprehensive spin-flip Raman scattering
study of electrons bound to donors in the diluted magnetic
semiconductors Cd& Mn Te, Cd& „Mn Se, and
Cd& Mn„S for x (0.30. The characteristics of Raman
scattering associated with the spin-flip transitions of elec-
trons bound to donors are summarized here.

(1) For low Mn concentrations, the Raman shifts exhib-
it a Brillouin-type magnetic field and temperature depen-
dence characteristic of a paramagnetic system.

(2) As x is increased, a zero-field spin splitting is ob-
served and the effects of the antiferromagnetic coupling
are manifested in increasing deviations from Brillouin-
type behavior. The Raman shifts can be described using
the mean-field approximation with composition-
dependent parameters x and TAz. These parameters ex-
hibit a temperature dependence for T)40 K.

(3) The measured Raman shifts were analyzed using the
statistical-mechanical theory of Dietl and Spalek. For
low compositions, x &0.15, the theory describes the ex-
perimental results very well except for high temperatures
( T) 40 K) or very low magnetic fields, which can be ac-
counted for by allowing the parameters of the theory, x
and TAz, to assume magnetic field and temperature
dependences. For x & 0.15, the theory is not as successful
in providing an adequate description of the measured Ra-
man shifts.

(4) The polarization characteristics of the spin-flip Ra-
man feature were compared with a model that includes
the angular dependence of the Raman matrix elements.
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